ABSTRACT A method is proposed for identifying the key transmission lines of a power grid. First, based on the theory of equal phase angle line and electrical distance, the phase angle partition areas are defined to partition the transmission lines. A generalized entropy index of the power flow growth rate is defined to evaluate the distribution of the degree of imbalance of the power flow impact after a transmission line outage. Second, based on the Katz-Bonacich Center theory, an index for evaluating the importance of the location of transmission lines is defined. Finally, the cloud model is used to transform the evaluation data information. The comprehensive evaluation results are presented in the form of cloud maps. The correctness of this method is verified by simulation.
I. INTRODUCTION
Thanks to continuous economic and technological developments, the demand for electricity is increasing, which is promoting the continuous expansion of the scale of power systems. In recent years, the occurrence of major blackouts at home and abroad [1] - [4] has attracted scholars' attention [4] - [6] . Through the study and analysis of blackouts, it is found that when certain key components fail, the power flow will be redistributed, and some components will be forced to overload, causing electrical accidents [7] . This is especially true for the key transmission lines, when key transmission lines are broken, the load rates of other lines will increase, possibly inducing the cascade of failures. The literature [8] has also proved that the key transmission lines are very important to the stability of power system. Thus, the questions of how to identify and protect key transmission lines are of great significance.
With the increasing complexity of power system, identification of key transmission lines should be evaluated based on multiple indicators. The single index has been not sufficiently enough to evaluate the vulnerability or critical of them.
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Especially, based on importance of topological connection or the conventional reliability evaluation method are not effective to identify the key transmission lines [9] , [10] . However, complexity theory provides a novel perspective to analysis and research this issue. Compared to produce cascading failures simulation [11] - [13] , vulnerability evaluation indices seem more preferable, especially, it can effectively shorten calculation time, improve efficiency [2] . Considering that the attacks are the potential threats in the power system [14] , when identifying vulnerable transmission lines, most of the current methods assumed that the attacks first occurred on transmission lines. Then, the static identification indices were defined by considering topology structure, physical properties, operating characteristics of power grids and so on. In [2] , considering the interactive strengths among transmission lines under N-1 check, the improved structural hole theory is proposed to identify the vulnerable transmission line, in which the vulnerable transmission line identification in power grids are converted into key node evaluation in correlation networks. Because of the improved structural hole theory only analyses the local information of each node, the efficiency is very high. But it could not respond the wholeness of power system. In [7] , considering the actual path of power flow, the hybrid flow betweenness (HFB) is defined to identify the critical line of power grid. In which the physical network connection and fault effect between lines are quantified based on the electrical coupling degree between the lines and outage transfer distribution factor, and takes the tenacity and directed global efficiency to measure the vulnerability of line. In [15] a correlation network which characterized the interaction between different lines in the system is built and takes the improved K-core decomposition to identify the key transmission lines. In [16] , the line betweenness is used to identify the vulnerability of transmission lines. In [14] the weighted line betweenness is proposed based on the shortest electric path to identify the vulnerable lines. In [17] , a method of identifying vulnerable transmission line is proposed based on the depth of the K-shell (Ks) decomposition under power transfer, in which the dynamic characteristics of the power transfer and transmission capability after the power grid fault are considered and the Ks decomposition is improved based on the correlation matrix of transmission lines under the N-1 check. In [18] , the cascade faults under random initial faults are simulated repeatedly based on operational reliability model to generate the fault chain database. The frequent pattern (FP)-growth algorithm is applied to mine this database and to identify the vulnerable lines.
At present, it is an upsurge of research to evaluate the importance of transmission lines based on the operation state of power grid. The most common approach of this type is to identify key nodes or lines based on entropy theory. But, most entropy-based evaluation models analyze only the overall orderliness of the power flow distribution after transmission line interruption and do not analyze the impact of branch disconnection on power flow. Moreover, the locations of individual transmission lines are not considered, and when multiple indexes are used to comprehensively evaluate the importance of transmission lines, the resulting evaluation data possess poor properties of randomness and fuzziness. Therefore, this paper proposes an improved method of identifying key transmission lines. First, the concept of phase angle division areas is defined based on the theory of equal phase line to divide the transmission lines. A generalized entropy index of the power flow growth rate is also defined to measure the degree of imbalance of the power flow distribution after transmission line disconnection. Second, the redundancy index is defined to evaluate the resistance of the system to the power flow impact after transmission line disconnection, and the Katz-Bonacich centrality of the network is defined from the perspective of the network structure. Finally, the evaluation data are transformed based on the cloud model, and the comprehensive evaluation results for the transmission lines are presented in the form of cloud maps. The correctness of the method is verified by simulations of the IEEE 30-bus system and IEEE 39-bus system.
II. CORRELATION THEORY A. EQUAL PHASE ANGLE PRINCIPLE
When N -1 breakdown occurs in power network, most of power on the breaking line will be transferred to other transmission lines which belongs to the same power supply area/load area as the breaking line, that is, parallel transmission lines of the breaking line [19] . However, for largescale power network, there are many parallel transmission lines with outage line. In order to accurately screen out parallel transmission lines which are greatly affected by power flow, the concept of equal phase angle line is proposed by literature [20] . And through analysis and verification, it is concluded that when a transmission line is interrupted, most of the power is transferred to parallel transmission lines at the same equal phase angle as the outage line [20] . Thus, this paper introduces the theory of equal phase angle line to divide the transmission line of the system.
The concept of the equal phase angle lines has been proposed based on the DC power flow model [20] . This concept is illustrated as follows: The reactance of the high-voltage transmission line illustrated in FIGURE 1 is much larger than its resistance. According to the DC power flow equation, the power transmitted on such a transmission line can be obtained as follows:
where δ 1 is the voltage phase angle at the head of the line, δ 2 is the voltage phase angle at the end of the line, U 1 is the voltage amplitude at the head of the line, U 2 is the voltage amplitude at the end of the line, X is the reactance of the line, and δ 12 is the phase angle difference between the head and the end of the line. Assuming that the length of the transmission line is l and that reactance per unit length is x, formula (1) can be simplified to:
According to the direction of power flowing, defining the differential vector form of (2) is:
where l is the direction vector of the line length, the same direction of l and P, and δ is the direction vector of voltage phase angle. The negative sign in (3) indicates that the power on the line flows in a decreasing direction. According to (1) ∼ (3), the connecting line corresponding to the same voltage phase angle in the power system is defined an isophase line or equal phase line [20] , as shown in FIGURE 2. Then the power flow direction of the line is the negative normal direction of the equal phase line, and the equal phase line is always perpendicular to the line. As shown in FIGURE 2, the power grid is divided into several areas by the equal phase angle lines. In this paper, the area between two adjacent isophase lines is defined as a phase angle division area. Because of the complex structure of the power grid and the large number of nodes it contains, there are few nodes in the network being misclassified into the same phase angle division area. Thus, these nodes need to be adjusted according to the following two aspects:
1) In the case of multiple unrelated or very weakly correlated nodes in the same phase angle division area, these nodes are divided according to their electrical distance. 2) If nodes in the same phase angle division area exhibit a clustering phenomenon, then the phase angle division area is divided into subareas according to the electrical distance. The division of transmission lines in the system is mainly based on the phase partition of network nodes. Thus, this paper provides that when a transmission line is divided into two parts by an equal phase angle line, the transmission line is assigned to the phase angle division area corresponding to the longer of the two parts. If the lengths of the two parts are equal, the transmission line will be randomly assigned to one of the adjacent phase angle division areas.
B. GENERALIZED ENTROPY INDEX
A generalized entropy index (GEI) serves as a measure of difference and can reflect the disparity in a given situation [21] . The GEI concept was developed on the basis of information entropy. It can be calculated as follows:
where n is the number of individuals in the sample, x i is the horizontal index of individual i, and w i is the weight of individual i. β is the difference coefficient among different groups, which is an artificial parameter. In (4), the value of parameter β determines the form of the expression of the GEI. When β is equal to 0, the GEI is the mean log deviation index (MLD), also called the Taylor L index. When β is equal to 1, the GEI is the Theil T Index, or simply the Theil Index. When β is equal to 2, the GEI is half of the square of the variation coefficient, also known as the Theil V Index. When the parameter β is a larger positive value, the GEI is sensitive to the differences at the top of the distribution. When the parameter β is a smaller negative value, the GEI is sensitive to the differences at the bottom of the distribution. Among these different forms of the GEI, the Theil index is more sensitive to differences in the middle of the distribution, thus it is often an object of study. This index is also expressed as follows:
w ij x ij (7) where N is the number of individuals in the total sample, N i is the number of individuals in group i, x ij is the level index of individual j in group i, w ij is the weight of individual j in group i, and m is the number of groups into which the total sample divided according to a certain principle. Theil index is not bound by any particular numerical upper limit for measuring differences, that is, the greater the value of the Theil index is, the greater the difference in the observed variables, and vice versa. This index is spatially decomposable, and the difference index of the total sample can be divided into the intra-group difference index T w and the interval difference index T b , such that the difference index of the total sample is the sum of these two parts. According to Sala-i-Martin's derivation, T w and T b are expressed as follows:
w j x j (12) VOLUME 7, 2019 where N is the number of individuals in the total sample, N i is the number of individuals in group i, x ij is the level index of individual j in group i, w ij is the weight of individual j in group i, m is the number of groups into which the total sample is divided according to a certain principle, w j is the weight of individual j, and x j is the level index of individual j.
III. EVALUATION INDEXES OF KEY TRANSMISSION LINES
When a transmission line is broken, the power flow is impacted. The system itself has a certain absorptive capacity, which can restore the stability. The self-regulation ability of the power system mainly depends on the following three factors: 1) What is the degree of imbalance of power flow distribution after the disconnection of a transmission line? 2) What is the resistance of the system to power flow impact after the line is disconnected? 3) Where is the transmission line in the system? Therefore, this paper comprehensively evaluates the key transmission lines from these three perspectives.
A. GEI MODEL OF POWER FLOW GROWTH RATE
From the above, It can find that the GEI can measure the system equilibrium degree. Its advantage is that it can get the contribution of intra-group gap and inter-group gap to the total gap and identify the source of the system imbalance. For the power system, when N -1 fault occurs on the transmission line, it will impact the system and make the system power flow distribution unbalanced. However, the magnitude of this imbalance can be used to evaluate the importance of the transmission line. Thus, the GEI can be introduced to obtain the unbalance of power flow distribution of the system after disturbance, and the process is as follows:
When the transmission line L i fails, the change in the transmission power on the transmission line L k is: (13) where P ik is the transmission power on the transmission line L k after the disconnection of transmission line L i and P i0 is the transmission power on the transmission line L k before the disconnection of transmission line L i . The growth rate of transmission power on the transmission line L k can be calculated as follows:
where P kN is the power rating of the transmission line L k and P ik is the change in the transmission power on transmission line L k .
Suppose that there are N transmission lines in the power system. The number of phase division areas is m, and phase division area k contains N k transmission lines. The GEI model of the growth rate of the power flow after transmission line i fails is:
Taking β equals 1, the GEI can be further decomposed into:
where N is the number of transmission lines, λ ij is the growth rate of transmission power on transmission line j after the disconnection of transmission line i, β is the difference coefficient, N k is the number of lines in the phase angle division area k, λ ip is the growth rate of the transmission power on transmission line p in phase angle division area k after the disconnection of transmission line i, f k is the sum of the growth rates on the transmission lines in the phase angle division area k, and f n is the sum of the growth rates of all transmission lines. According to the properties of the GEI, the higher the imbalance of the power flow distribution is, the larger the value of the GEI of the power flow growth rate. From the decomposition of the GEI, it can be seen that the GEI considers the impact of transmission line disconnection on the distribution of the power flow not only in the phase division area but also among different areas. Thus, this index is representative of the actual situation in the power grid and can be used to evaluate the key transmission lines.
B. REDUNDANCY INDEX
The average load rate of a branch is one of the key indicators for measuring the ability of the system to resist the power flow impact. The load rate of the remaining branches can not only represent the operation state of the system after the power flow impact but also reflect the impact of the outage branch on the entire system. Therefore, based on the operation status of other lines after the disconnection of the transmission line, the redundancy index is defined to evaluate the importance of the disconnected transmission line.
Suppose that transmission line i fails and that the resulting transmission power on line j is P ij , then, the residual load rate on line j is: (20) where P jN is the transmission power on line j and P ij is the transmission power on the line j after the disconnection of transmission line i.
of the residual load rate on other lines can be obtained from (20) . Thus, the operation state of the system after the disconnection of transmission line i can be evaluated using the following formula.
where ς and τ are the weight coefficient, m is the number of remaining lines, η 1 is the 1-norm of vector η, min (η) is the smallest value among the elements of vector η, 1 m η 1 is the average residual load rate on the remaining lines. Here min (η) represents the robustness of the minimum residual load rate on the lines against the power flow impact.
The larger η ic is, the smaller the impact of the line i on the system. In other words, η ic and the influence of the disconnection of the line on the system are negatively correlated. Because the range of η ic is [0.1]. The redundancy index can be modified to:
This redundancy index reflects the importance of the removal of line i. The larger η ic is, the smaller the ability of the system to resist the power flow impact, the more unstable the system, and the greater the importance of the removal line.
C. LOCATION IMPORTANCE OF TRANSMISSION LINES
To obtain an evaluation index for the location importance of transmission lines, this paper takes the substations, generators and other plant-level stations as nodes and treats the actual transmission line as edges to build the equivalent network representing the power system.
Suppose that there are n station-level stations and m transmission lines in the power network, that is, G (n, m). The adjacency matrix of the network G is A = [a ij ] m×m . If the branch i and the branch j have a common endpoint, a ij = 1; otherwise, a ij = 0. The Katz-Bonacich centrality of the edge is defined to evaluate the location importance of transmission lines. It is expressed as follows:
= c ij m×m (24) where I is the unit matrix, A is the adjacency matrix of the edges, i = 1, 2, 3 · · · m, j = 1, 2, 3 · · · m, ε i and ψ are the model parameters. ε i reflects all of the unique characteristics of transmission line i that are unrelated to the network topology. The value of ε i represents the prior information regarding the corresponding edge, such as characteristics, importance and preferences. If there is no prior information, this parameter will be equal to 1. ψ has the same definition in the Katz-Bonacich centrality as it does in the GEI model. However, to permit the matrix inversion operation, it should be less than the reciprocal of the maximum eigenvalue of matrix A, i.e., ψ < 1 λ max (A) . The Katz-Bonacich centrality of the edge describes how the importance of the edge depends not only on its own characteristics but also on the proximity of other adjacent edges, especially the important edge. The location importance index of an edge is defined with respect to the changes in the structure of the power grid in response to different events. This index is expressed as follows: (25) where F(G) is the Katz-Bonacich centrality of the edges, F(G −i ) is the Katz-Bonacich centrality of the remaining edges after removing edge i, c ij ∈ C, and ε i is the model parameter.
D. COMPREHENSIVE EVALUATION MODEL
At present, there are many methods for evaluating the importance of things, such as the neural network algorithm [22] , particle swarm optimization algorithm [23] , genetic algorithm [24] , and multi-attribute decision-making algorithm [25] . These methods all have certain shortcomings, such as high requirements on data accuracy and poor randomness and fuzziness, which can affect the accuracy of the final results. By contrast, cloud models have beneficial properties of randomness and fuzziness [26] . The fuzzy concepts can be transferred to specific data by considering three characteristics: expectation, entropy and hyper entropy. In this paper, three indicators are considered to evaluate the importance of a transmission line, and correlations exist among them. Thus, a reverse cloud generator can be used to calculate the digital characteristics of corresponding cloud droplets as follows:
where D is a normalized evaluation matrix, d ri is the evaluation result in terms of indicator i for an individual, σ ri is the partial coefficient of a single index, n is the number of indicators, m is the number of sample, i is from 1 to n, r is from 1 to m, Ex, En, He and S are expectation, entropy, hyper entropy and standard deviation, En is a random number with En as the expectation and He as the standard deviation, while y j is a random number with Ex as the expectation and En as the standard deviation. j is from 1 to k, k is the number of cloud droplets.
Cloud model is a model in uncertain artificial intelligence to study the transformation of natural language from qualitative concepts to quantitative representations. It mainly reflects the fuzziness and randomness of concepts in human knowledge, and provides a new method for the study of uncertain artificial intelligence. It has been widely used in data mining, knowledge discovery, signal recognition and decision analysis, which has achieved good results. Conventional comprehensive evaluation methods weaken the fuzziness, randomness and statistics of evaluation, so that the evaluation results are not convincing. But, the cloud model can discover the subjective and objective properties of the evaluation system. It uses expectation Ex, entropy En and hyper-entropy He to represent the digital characteristics of cloud, as shown in FIGURE 3. Among them, Ex can represent the most typical qualitative concept point in the number space after sample quantization, En can reflect the correlation degree between randomness and fuzziness of data information, He can reflect the cohesion degree of uncertainty of data information [27] . Moreover, cloud is composed of several cloud droplets. Cloud droplets are a random realization of a qualitative concept. The multiple cloud droplets can reflect the overall characteristics of this qualitative concept. Thus, the sample data information is transformed based on cloud model to fuse the fuzziness and randomness of sample data and make qualitative and quantitative mapping each other. In this way, it can provide an analytical method for information fused qualitative and quantitative.
For the priority ranking of sample individuals, literature [28] points out that the ranking is generally based on the size of Ex. If the two are the same, the smaller En is, the better the stability and ranking of sample individuals are. If both Ex and En are the same, the smaller He is, the smaller the randomness of sample individuals is, and the better the ranking is. Thus, this paper ranks the importance of transmission lines according to this rule.
In the following, the implementation of comprehensive evaluation based on cloud model can be described:
Step1 The phase angle dividing areas are divided based on the equal phase line. According to the revised regulations, the transmission lines are divided to determine the attribution area of the transmission line. Step2 Assuming N -1 disconnection fault, the GEI index is calculated by (13) - (19) to evaluate the equilibrium degree of power flow impact distribution. 
Step3
The redundancy index for evaluating the impact of transmission line interruption on the system is calculated by (20) - (22) .
Step4 The importance of the location of transmission line is calculated by (25) .
Step5 The cloud droplets are calculated by (26) to generate cloud maps, and the comprehensive evaluation results of transmission lines are presented in the form of cloud maps.
Step6 According to the criterion of priority classification of individual samples based on cloud model proposed in reference [28] , the importance classification of transmission lines can be directly judged from the intersection point of cloud symmetry axis and X axis.
IV. STUDY CASE A. SIMULATION OF IEEE 30-BUS SYSTEM
The IEEE 30-bus system is used as the simulation analysis object to verify the correctness of the proposed method. Its structure is shown in FIGURE 4. 1) Based on the theory of equal phase angle, the isophase diagram of an IEEE 30-bus system is shown in FIGURE 5 . The results obtained by adjusting the nodes in accordance with the adjustment rules for the phase angle division areas are shown in FIGURE 6. In FIGURE 5, node 30, node 27 and node 13 are less closely their original phase angle partition areas and should be adjusted as specified this paper. As seen by comparing FIGURE 4 and FIGURE 6, the nodes more closely represent the real situation in the network after modification. Thus, the amendments are correct.
2) The results of dividing the transmission lines in the system in accordance with the definition of the phase angle division areas are shown in TABLE 1.
3) The results of simulations using each individual index are shown in FIGURE 7, FIGURE 8 and FIGURE 9. In TABLE 2, FIGURE 7, FIGURE 8 and TABLE 3 shows the top ten ranked lines from the simulation results. In TABLE 3, the key transmission lines identified by this method are different from those in literature [29] . Although it VOLUME 7, 2019 FIGURE 14. IEEE 39-bus system diagram.
is caused by the different weight of index selection, the results identified in this paper are better than those in literature [29] . Specifically elaborated from the following two aspects: 1) Their terminations are connected to key nodes in the system. This can be seen from the FIGURE 4.
2) If such a line fails, there will be a great impact on the lines with the same endpoints, and cascading failures can even occur. This can be obtained by the experiments of branch breaking. These characteristics conform to the definition of key lines and the actual situation in the power system. Thus, the correctness of the proposed method is proven.
The evaluation results of branch importance of IEEE30-bus system are shown in FIGURE 13, which is more intuitive in the form of cloud images. It can be found that the Ex plays a leading role in the final ranking, but En and He also have a certain impact on this result. Cloud model can discover all aspects of subjective and objective nature of data, strengthen the fuzziness, randomness and statistics of evaluation. Thus, the results are very convincing.
B. SIMULATION OF IEEE 39-BUS SYSTEM
In order to fully prove the correctness of this method, this paper also simulates the IEEE 39-bus system. Its structure is shown in FIGURE 14 . The results of comprehensive evaluation of the transmission lines based on the cloud model are shown in FIGURE 15. TABLE 4 show the top ten ranked lines from the simulation results.
In TABLE 4 , it can be seen that nine of the top ten transmission lines identified by this method and literature [2] method are the same. But, in FIGURE 15, if line 27 is interrupted, node 19, node 20, node 30 and node 34 will be separated from the system, resulting in a larger range of islands in the system. So this line should be at the top of the list. If line 24 is interrupted, the carrying capacity of line 17 and line 6 will be increased, and cascade faults are likely to occur. However, the disconnection of line 4 will not cause too much impact. Thus, line 24 is more important than line 4. These can also prove the correctness of this method.
The evaluation results of branch importance of IEEE39-bus system are shown in FIGURE 15. The importance of the branches can be judged intuitively by the cloud images. They can also be given from Ex, but when the differences of Ex are small, the En plays a key role. This can be reflected in the sub-graphs of FIGURE 15, such as subgraphs 24 and 41. When the entropy value acts, according to the span of the left half of the cloud image, the key of the transmission line can be determined. Thus, the cloud image has a strong sense.
The evaluation method of this paper is more comprehensive, it considers indexes related to the line locations, the distribution of the power flow impact after line disconnection and the ability of the system to resist that power flow impact. These are closer to the actual situation in the power grid. And the evaluation data are transformed based on cloud model to enhance the fuzziness and randomness of information and improve the accuracy of the evaluation results. The experimental results show that the cloud model is more valuable for the analysis of comprehensive evaluation problems. Because the cloud images are more intuitive and easy to implement, the staff can sense the key transmission lines from the clouds. Thus, this method has practical value.
V. CONCLUSION
The ability to identify and protecting key transmission lines in a power system before accidents occur is beneficial for preventing electrical accidents and improving the security of the power system. To more accurately capture the real situation in the power grid, this paper considers the degree of imbalance of the power flow impact distribution. At the same time, the importance of the transmission lines is analyzed from the perspectives of the network topology and the real-time system state. A method of identifying key transmission lines is proposed. First, the concept of phase angle division areas is defined based on the theory of equal phase line, and the nodes in each area are adjusted based on the electrical distance. In this manner, the transmission lines are divided. The GEI of the power flow growth rate is defined to measure the degree of imbalance of the power flow distribution. Second, from the perspective of the network topology, the Katz-Bonacich centrality index used to evaluate the location importance of the transmission lines, and the redundancy index is defined for evaluating the resistance of the system to the power flow impact of transmission line disconnection. Finally, the information contained in the evaluation data is transformed based on the cloud model to enhance its randomness and fuzziness and thus obtain more accurate analysis results. The results of this comprehensive evaluation of the importance of the transmission lines are presented in the form of cloud maps to provide a more intuitive visualization of the evaluation results that is more conducive to analysis and research. The correctness of the method is verified by simulations of the IEEE 30-bus system and IEEE 39-bus system.
